Andrade et al.: Sea level oscillations in shallow waters
INTRODUCTION
Tides are the longest ocean waves and are characterized by the sea level (SL) rhythmic ascent and descent over a period of half a day or one day (Wright et al., 1999) . The regular and predictable pattern of astronomical tidal oscillations is modified to a greater or lesser extent by irregular factors, which mainly are the atmospheric pressure and the momentum exchange between the atmosphere and the ocean (Pugh, 1987) .
In general, it is estimated that the effects due only to the atmospheric pressure are responsible for 10% of the changes observed in SL, the remainder being exclusively due to wind shear stress on the sea surface (Marone and Camargo, 1994) . These meteorological influences produce low frequency oscillations in SL, routinely called meteorological tides (Truccolo et al., 2006) and defined as the difference between the observed level and the astronomical tide (Pugh, 1987) . The generation of this phenomenon depends on the intensity and duration of the alongshore wind, wind fetch length, and local bathymetry (Pugh, 1987) .
In this way, large variations in SL driven by the wind cause very significant storm surges on the coast. This effect is more important when observed data are much higher or lower than the predicted astronomical tide. This is the case when high tides can cause saltwater intrusion where it usually does not occur, producing severe flooding and property damage, or when extremely low levels prevent navigation on access channels and harbors and result in possible ecological impacts (Clara et al., 2015; Williams, 2013) .
In the Brazilian coast and especially in the coast of the state of Rio Grande do Sul (RS), there is a lack of long-term oceanographic data (Costa and Möller, 2011; Zavialov et al., 2002) . Studies on SL at tidal and sub-tidal frequencies using field data are not found in the literature (Valentim et al., 2013) .
Understanding and dissociating SL oscillations caused by meteorological and astronomical forcing is very important for navigation safety, coastal engineering, studies on sediment budget and many other factors. Storm surges are a frequent phenomenon and have high vertical amplitude in beaches from southern Brazil, causing erosion and dune retreat that can reach tens of meters (Siegle and Calliari, 2008) . During periods of maximum astronomical tides (spring tides), in low-relief, densely populated coastal systems severe damage may occur in the presence of these oceanic anomalies (Campos et al., 2010) . However, the mechanism and the real forces behind those oscillations are poorly understood in the region.
In addition, a significant trend of SL rise and the intensification of extreme events of high. (Mawdsley et al., 2014) are being observed in several points around the world, including locations in the Brazilian coast (PBMC, 2016) . These effects would be more pronounced if the height and duration of storm surges increased as a result of a climatic change, as demonstrated by Fiore et al. (2009) . In this scenario, coastal regions worldwide would in general become more vulnerable, including the RS coastline due to its intrinsic morphodynamic characteristics. Its low lying coastal gradient combined with a high degree of exposure to ocean dynamics makes this area highly vulnerable in the future due to the mean SL rising (Germani et al., 2015) . Andrade et al. (2016) studied the oceanic current circulation in the inner shelf off Tramandaí Beach and found variations in the direction of currents during short periods, which ranged between southward and northward driven by the alongshore wind. Furthermore, these authors found evidences of upwelling and downwelling circulation patterns.
Regarding the wind regime, winds from the northeastern quadrant are dominant throughout the year. However, periodic reversals to the southwestern direction are observed during the passage of meteorological fronts, which are more frequent in the autumn and winter (Cavalcanti and Kousky, 2009) . During meteorological events of cold fronts, strong southwesterly winds with average speeds of 8ms -1 induce high SL in the coast (Siegle and Calliari, 2008) . There are some evidences of non-local wind effects on coastal SL that are attributed to continental shelf waves (Castro and Lee, 1995; Dottori and Castro, 2009; Dottori and Castro, 2018) . The astronomical tide of the study area is mixed with a semidiurnal dominance and a mean amplitude of 0.3m. It is classified as microtidal by the analysis of short time series from inside the channel of Lagoa de Tramandaí (Silva et al., 2017) . This small tidal range can be explained by the proximity to an amphidromic point for the M2 tide in the South Atlantic Ocean (Möller et al., 2007) and by the rectilinear configuration of the coastline, which could amplify tidal amplitudes through resonance effects or by convergence (Villwock and Tomazelli, 1995) .
Tidal oscillations in the RS coast are defined by their small amplitude and in several other studies the use of the following terms is recurrent: "tides of small amplitude" (Rocha et al., 2015) ; "minimal influence" (Siegle and Calliari, 2008) ; "minor importance" (Möller et al., 2007) . For this reason, tides are often disregarded in studies, such as the ones on current circulation, sediment dynamics, and transport of chemical and biological properties.
The cited studies, and many others (da Motta et al., 2015; Vianna and Calliari, 2015; Silva et al., 2016; Jung and Toldo, 2011) , used mean tidal amplitudes and compared them to maximum amplitudes reached by meteorological tides. However, this comparison is not scientifically appropriate and can cause a misinterpretation of data results. We ask ourselves if astronomical tides can really be totally overlooked in studies in this region, besides the fact that, up to now, scarce observational data did not allow us to determine the real forces that drive SL oscillations in this coast.
For the purpose of monitoring oceanographic conditions, including SL observations, an acoustic wave and current profiler was moored on Tramandaí Beach, located in the north of RS state (Figure 1) . The findings showed a great variability of driving mechanisms and a significant response of SL to the alongshore wind and astronomical forces.
MATERIAL AND METHODS
The state of RS (Figure 1 ) is consisted of a long sandy barrier shoreline (615km) that presents a smooth sinuosity and two permanent discontinuities formed by the estuaries of Lagoa de Tramandaí in the north and of Lagoa dos Patos in the south (Dillenburg et al., 2004) . This system is part of the Southern Brazilian Continental Shelf (SBCS), which is around 150 to 200km wide and has a maximum depth of 140m, with gentle slopes of 0.03 to 0.08°. The shoreface is wide and shallow with a seaward limit of 10 to 15m deep and presents long offshore bars. This sandy beach has a low gradient and varies from intermediate to dissipative showing a longshore bar-trough structure. The shoreface floor consists mainly of sandy sediments, while the beach and surf zone areas are composed by well-sorted fine sand (Toldo et al., 2006 ).
An acoustic wave and current profiler, AWAC/Nortek of 1MHz, recorded four SL data time series that totalized 650 days and had only two interruptions. The first and second interruptions lasted 100 and 140 days, respectively. The data were measured by a pressure sensor that performed a 120-second average every hour. This equipment sampled two points (400m away) during four periods described in detail in Table 1 . The AWAC also acquired current velocity and direction profiles, wave parameters, and water temperature; however, this work only aims at studying the SL data. A fifth and last mooring has been recovered after this article has been submitted. The recovered record forms a series of SL data between May and September 2017. There was no time to perform all the analyzes, however we chose to present an extremely low level event that occurred at the beginning of August in the whole Brazilian coast, which was the subject of several media reports.
An automatic weather station Vaisala MAWS 301, installed and maintained by the National Institute of Meteorology (INMET) from Brazil, provided atmospheric pressure and hourly wind direction and intensity data used in this work. This station is located over 2,000m away from the AWAC mooring in an area free of obstacles with sensors positioned 10m above SL (Figure 1 ). Wind data were rotated 20º in relation to True North to be aligned with the orientation of the coast-line and later decomposed into alongshore and cross-shore components, following the methodology described in Miranda (2002) .
Since a pressure sensor collected the SL data used in this work, the variation of atmospheric pressure as a function of mean pressure was added. In order to remove the high-frequency oscillations (tidal frequencies), a LanczosCossine low-pass filter (Thompson, 1983) was used, which removes 95% of the oscillations with frequencies higher than 1/40h. The result is the so called low-frequency or subtidal oscillations. The high-frequency oscillations were obtained by the subtraction of subtidal series from the raw, and are referred as tidal frequencies.
The spectral analysis followed the methodology proposed by Welch (1967) . A type of Hanning window was applied with 50% overlapping, a procedure that results in an estimated mean spectral density calculated from the estimated five segments. Statistical reliability is improved even though resolution is lost in the process of using spectral windowing.
The correlation coefficient and phase difference in hours (lag) were calculated using cross correlations in order to obtain the largest correlation between SL and wind data. The negative and positive correlation coefficients represent an inverse and direct relationship, The harmonic analysis performed for the SL data is based on the Fast Fourier Transform, which uses tidal harmonic components for the calculation of amplitudes and phases of tidal harmonic constants, providing the importance of each constituent. The results were obtained through the computer program called T-tide, following the methodology developed by Pawlowicz et al. (2002) .
From the results obtained in the harmonic analysis, the Form number (F) was calculated by dividing the sum of the diurnals O1 and K1 by the semidiurnal constants M2 and S2. Thus, the relative importance of diurnal and semidiurnal constituents is determined and it is possible to classify the tidal regime in a given region by following the classification proposed by Defant (1961) , apud Miranda (2002) .
The mean tidal range (MTR) resulted from the average of all high SL plus the average of all low SL observed over tidal and subtidal time series. The maximum high and low SL represents the major and minor amplitudes reached by the water level, respectively.
SL values above and below two standard deviations (STD) were selected for each mooring, and then the maximum and minimum SL events were separated from the rest. In order to obtain a seasonal scenario, the number of positive and negative SL events for each season was quantified. Occurrences of values above and below three STDs were also selected, which may be related to extreme events.
RESULTS
The MTR for all tide time series was 0.31m. The average for all subtidal oscillations in the low-frequency time series was 0.37m. The difference between the maximum and minimum level in the raw time series was 2.2m.
However, when the high-frequency oscillations (tides) were removed, a maximum variation of 1.62m was found. Nonetheless, when the oscillations caused by tides were analyzed alone, a maximum difference of 0.96m was observed.
On August 12, 2017, the lowest SL was recorded among all the time series, 1.26m below the mean SL (recorded by mooring 05, not show). This event was greatly accompanied by the media, being called "the super retreat" of the sea. The SL remained below the mean level for approximately 100 hours, reaching its maximum after 54h of the beginning. This phenomenon was related to a strong meteorological system, an anticyclone on the Atlantic Ocean, that caused intense and persistent southwards winds on the entire SBCS. It notes that this event occurred at spring tide period. Table 2 presents in detail the values of tidal and subtidal averages for each mooring and the values of the maximum SL at each frequency above and below zero (or mean SL). It is important to notice that SL can reach 1.2m above the mean when adding up tidal and subtidal maximum amplitudes without considering the effect of wave runup.
Figures 2a, 3a, 4a and 5a show the raw SL time series for each mooring. Figures 2b, 3b, 4b and 5b (red color) present the SL filtered data, i.e. subtidal oscillations, and in black it is shown the high-frequency or tidal oscillations of SL. It is possible to notice that in most seasons (Figure 2, Figure 3 between September and February, and the beginning of Figure 5 ) the tidal and subtidal oscillations are proportional in amplitude. However, in Figure 4 and at the end of Figure 5 , the magnitude of the amplitude of subtidal oscillations is greater than tidal oscillations. These periods coincide with the winter and autumn seasons in the Southern Hemisphere. Table 3 shows the duration in days (sum of duration in hours) of SL events above and below two STDs for the raw data series by season. The total number of these positive and negative peaks of SL events and the number of events that exceeded three STDs are also displayed. It is worth mentioning that these extreme events (three STDs) only occurred during spring tides. Basic statistical analyses for each season indicated that between 54 and 78% and between 21 and 44% of the SL variance could be attributed to subtidal oscillations and astronomical tides, respectively, depending on the season. Table 4 shows in detail the tidal and subtidal variances and the alongshore wind variance at high and low frequencies. The small remaining percentage of approximately 2% is due to other frequencies that are not the object of this study.
The spectral analysis of all SL raw data and the alongshore wind (Figures 6a and 6b) shows a great amount of energy at low frequencies, which corresponds to periods between 20 and 8 days (0.0019 and 0.005cpd). It is also possible to observe that the largest amount of energy in the SL variability occurred in the autumn (green) and winter (blue). These results demonstrate a greater variability of SL and wind speed time series at low frequencies, which also shows a clear relationship between wind and SL variations. It is also possible to observe in Figure 6a a great amount of energy at high frequencies that are associated with diurnal (25h) and semidiurnal (12h) tides, especially during the summer months (black).
The cross correlation between the alongshore wind and SL for each season resulted in a coefficient between 0.8 and 0.6 with 13 to 17h of time lag. This corroborates with the results found in the spectral analysis, in which the alongshore wind is the main driving mechanism for local SL. The cross correlation between cross-shore wind and SL resulted in a coefficient between 0.6 and 0.3 with 16 to 31h of time lag.
The Form number calculated for each season resulted in values between 1.15 and 1.4, which classifies the tide in this region as mixed with a semidiurnal predominance. One exception occurred in autumn 2015, in which the F number was equal to 1.62, classifying the tide as mixed with a diurnal predominance. A possible explanation for this result could be the difference observed between the K1 and S2 amplitudes, since the largest and the smallest amplitudes of K1 and S2, respectively, were measured during this period, which consequently increases the resulting F number. 
DISCUSSION
Corroborating with the visual inspection of tidal and subtidal time series (Figures 2, 3, 4 and 5), statistical analyses (Table 4 and Figure 6 ) indicated that, in some seasons, around almost half of the energy involved in SL oscillations could be attributed to tidal oscillations. These results demonstrated that, even though the averages of astronomical tide amplitudes are considered small by the literature and also by the findings of this paper (0.31m), they are very similar to the calculated average values of subtidal amplitudes (0.37m). Thus, not only the variance of tidal oscillations but also the mean amplitude led us to the conclusion that the astronomical tide cannot be totally neglected in oceanographic studies in the RS coast.
Usually in the literature (Rocha et al., 2015; Siegle and Calliari, 2008; Möller et al., 2007) , the mean tidal range and the maximum amplitude reached by meteorological tides are compared, causing the misinterpretation that astronomical tides do not matter in the local SL oscillations and consequently in associated processes. This reason led many studies to disregard the astronomical tides in their analyses.
Few research works in the study area have broken this paradigm created by that misinterpretation of data results. Soares et al. (2007) contrasted the cited works by testing the importance of astronomical tides on the SBCS area using numerical simulations. One of the main conclusions was that regional circulation depends on a combination of tides, winds and river plumes.
Spectral analysis of SL and alongshore wind shows that the most part of the energy is found at low frequencies with coincident peaks, demonstrating a clear relationship between wind and SL variations. This can be interpreted as an indication that the wind is an important driving mechanism for local SL oscillations in time scales from hours to days. Another important aspect is the large differences among the SL time series with clear seasonal patterns.
As shown, the wind has a large influence on the local SL variations, so the wind seasonal variability directly affects the SL variance. Cold fronts that invert the wind direction reach Southern Brazil more frequently between May and September (austral autumn and winter). From October to April (austral spring and summer), cold fronts are less frequent in this region as they present a more zonal and maritime displacement (Escobar et al., 2016) . This seasonal pattern in SL variability, showing a higher intensity of positive extreme events during autumn and winter, has already been observed in a region further north from the study area, also associated with atmospheric frontal systems (Campos et al., 2010) .
The results from the cross correlation between the alongshore wind and SL for each season demonstrated the effect of the wind on the SL oscillations. This corroborates with the findings from the spectral analysis, in which the alongshore wind is the main driving mechanism for the local SL. The correlation between wind and water circulation had already been demonstrated in previous studies (Costa and Möller, 2011; Andrade et al., 2016) , but this is the first time that this was demonstrated with observational SL data in Tramandaí Beach.
The positive coefficients from the correlations can be explained by the Ekman balance model (Ekman, 1905) for the Southern Hemisphere, where southward alongshore winds induce a decrease in the water level (upwelling) and northward alongshore winds cause an increase in it (downwelling). The cross correlation between cross-shore winds and SL resulted in small coefficients, which is an indication of their poor relationship. The Ekman transport in the RS coast had already been observed but in association with the water circulation Soares and Möller, 2001) .
A larger number of positive maximum events (greater than two STDs) occurred during the winter and autumn, with exception of autumn 2015, when fewer events were observed. However, this can be partially explained by the high STD of this time series (the largest of all). Negative peaks showed a uniform pattern of occurrence between seasons. Extreme atmospheric events such as the passage of intense extra-tropical cyclones happen more frequently in the winter and autumn months (Machado and Calliari, 2016; Saraiva et al., 2003) and thus it can explain the high occurrence of positive peaks in these two seasons.
It is important to note that the peaks reached only by the subtidal frequency are much lower than the peaks as a whole. In other words, a significant SL rise only occurs with the contribution of the astronomical tide. Again, the astronomical tide cannot be totally disregarded in studies on the RS coast.
High SL amplitudes may be even greater when considering the wave runup effects in storm events (Scheffner, 2008) . Guimarães et al. (2015) used numerical modeling and found amplitudes greater than 2m only caused by the wave runup on Tramandaí Beach, which are above the mean SL. This phenomenon can lead to seawater flooding on coastal areas. Therefore, by adding up the maximum amplitudes of high spring tides (0.53m), the subtidal rise driven by the wind (0.66m), and an extreme wave runup (2m), a dangerously high SL can occur on the beach. In the same article, Guimarães et al. (2015) reported erosional events in the beachfront of the city of Imbé. Although not necessarily caused by maximum tidal and subtidal amplitudes, they led to the destruction of natural environments and private properties. When SL rise is associated with strong waves, all the RS coastal zone can be affected by intense coastal erosion and extensive flooding. Fiore et al. (2009) carried a long-term study on the coastal effects of meteorological tides in Mar del Plata, Argentina. The authors found that the events of meteorological tides suffered an increase in their average number per decade and in their duration, also observing an intensification of positive events. The abnormal SL elevation near the coast allows the upper beach to be vulnerable to waves of high amplitudes, consequently causing erosion and damage to the ecosystem and private properties.
On the RS coast, high wave energy and high SL associated with the passage of cold fronts and spring tides can change the characteristics of the superficial beach sediment, but they can also cause beach erosion and dune retreat at rates of the order of dozens of cubic meters and several meters, respectively (Siegle and Calliari, 2008) . Since it is located near one of the ciclogenetic regions in South America (Parise et al., 2009) , it is regularly subjected to the occurrence of storms associated with frontal systems and extra-tropical cyclones. According to da Motta et al. (2015) , the RS coastal zone is dominated by waves and the regional processes of erosion and deposition are primarily controlled by the alongshore wave energy flux on the beach. These authors found that the results from 22-year temporal analysis of shoreline movement mapping showed strong erosional processes mainly in the central portion of the coast.
Some of these meteorological systems propagate along the coast, maintaining intensity and persistence. This factor, combined with the incidence of southwesterly and northeasterly alongshore winds, induce shelf waves that can spread and reach the southern Brazilian region first, then moving to southeastern Brazil (Castro and Lee, 1995) . This phenomenon is neither spatially nor temporally independent since an extreme event in the south would enable the prediction of what will occur further north (Campos et al., 2010) .
Finally, in the context of climate change (Mawdsley et al., 2014; PBMC, 2016) and increased occupation of coastal areas (Small and Nicholls, 2003) , disregarding the pure drive for scientific knowledge, it is essential to study SL oscillations over the time scales of astronomical tides and those driven by meteorological forcing.
CONCLUSIONS
A mean tidal range equal to 0.31m and a subtidal oscillation average of 0.37m were found based on a long SL time series with more than 650 days. As those averages are very similar, a new perspective on SL oscillations in Southern Brazil is presented, concluding that it is important to consider the astronomical tidal oscillations in future studies on Tramandaí Beach and in surrounding areas. The relative importance of tidal and subtidal movements depends on the season. Generally, it can be stated that subtidal oscillations are more intense in the autumn. Spectral analysis and cross correlations between the alongshore wind and SL indicated a clear relationship of meteorological driving mechanisms and subtidal oscillations. A relatively short time lag between wind activity and the subsequent SL response demonstrates a fast wind action on the water SL dynamics. The passage of intense extra-tropical atmospheric systems with northeastward winds associated with spring tides and waves that have a significant height above average can increase the SL up to 3.2m, causing severe damage to private properties and extensive coastal erosion in the region.
